The use of computed tomography (CT) images to correct for photon attenuation in positron emission tomography (PET) produces unbiased patient images, but it is not optimal for synthetic materials. For test objects made from epoxy, image bias and artifacts have been observed in well-calibrated PET/CT scanners. An epoxy used in commercially available sources was infused with long-lived 68 Ge/ 68 Ga nuclide and measured on several PET/CT scanners as well as on older PET scanners that measured attenuation with 511-keV photons. Bias in attenuation maps and PET images of phantoms was measured as imaging parameters and methods varied. Changes were made to the PET reconstruction to show the influence of CT-based attenuation correction. Additional attenuation measurements were made with a new epoxy intended for use in radiology and radiation treatment whose photonic properties mimic water. PET images of solid phantoms were biased by between 3% and 24% across variations in CT X-ray energy and scanner manufacturer. Modification of the reconstruction software reduced bias, but object-dependent changes were required to generate accurate attenuation maps. The water-mimicking epoxy formulation showed behavior similar to water in limited testing. For some solid phantoms, transformation of CT data to attenuation maps is a major source of PET image bias. The transformation can be modified to accommodate synthetic materials, but our data suggest that the problem may also be addressed by using epoxy formulations that are more compatible with PET/CT imaging.
INTRODUCTION
With proper calibration, positron emission tomography (PET) accurately quantifies the concentration of radiolabeled molecules in patients noninvasively and with excellent sensitivity. Biomarkers computed from these measured concentrations have proven utility in managing the treatment of certain cancers (1) (2) (3) (4) . However, the acquisition of PET data is a physically complicated process, and the software required to convert the raw data to form an image relies on numerous approximations and empirical corrections. Poor calibration or nonoptimal processing of the data leads to biased images (5) (6) (7) . This bias may reduce PET's prognostic value for patients and researchers (8) .
One of the most important effects that the reconstruction must model is the interaction of 511-keV annihilation photons with tissues (in patients) or other materials (in calibration objects, which are commonly called "phantoms"). Without mathematical corrections, absorption of photons leads to reduced signal from central regions of PET images as well as edge artifacts. Scattered photons also affect raw PET data because PET's coincidence detection, which does not use physical collimation, cannot distinguish between scattered and unscattered photons for small deflections and therefore misplaces them in the raw projection data.
For modern PET scanners, the corrections for scattered and absorbed photons are calculated from computed tomography (CT) images that are acquired just before or after the PET scan (9, 10) . CT volume images are mapped to attenuation images, commonly via a piecewise-linear transformation (11) , whose final units are "attenuation coefficients" that represent the probability of an annihilation photon being "attenuated" (absorbed or scattered) per unit length. With these attenuation images, the scanner is able to estimate the required data corrections for scatter and absorption that are applied during the reconstruction.
However, CT-based attenuation correction suffers from a known limitation in that there is no unique relationship between CT pixelwise image values (Hounsfield Units) and attenuation coefficients at the energy of PET photons. Figure 1 shows this problem. The disparity in the absorption properties of bone and soft tissue varies with photon energy, and it is much greater at lower CT photon energies than at PET energy. The piecewiselinear transformation succeeds in producing sufficiently accu-rate attenuation images because human tissues have predictable chemical compositions and their CT image values can be coarsely grouped into soft tissue and bone. This allows bone to be scaled separately, thus avoiding overestimation of Compton scatter at PET's 511-keV energy. Figure 2 shows a continuous, piecewise-linear transformation used in a modern PET/CT scanner.
Tests of quantitative accuracy for PET scanners often involve phantoms that are carefully designed to validate a PET/CT scanner's correction of all physical effects, including detection sensitivity and random coincidences (15, 16) . Among current published standards and accreditation organizations, water-filled phantoms containing short-lived radionuclides predominate (17, 18) . These phantoms' physical properties are well-matched to patient scans, to the extent that water-filled phantom scans are routinely used to measure the calibration factors used to convert clinical scans from a scanner's arbitrary units to true nuclide concentration. However, recent reports suggest that this calibration process may result in increased variability in PET signal, likely owing to difficulties in repeatedly refilling short-lived phantoms each time the phantom is used (19) .
This problem can potentially be solved by using phantoms infused with long-lived radionuclides, which can be measured repeatedly without refilling. These phantoms follow highly predictable decay curves, allowing bias to be computed at multiple time points with fewer confounding factors. In this work, we investigate an important drawback of long-lived phantoms: they are usually constructed from solid materials to mitigate the risk of spilling, and these solid materials have attenuation properties that are not accurately estimated by the CT-based attenuation estimation used for human tissues (Figure 2 ). This can lead to image bias. Below, we examine the bias in attenuation images and reconstructed PET images of several solid long-lived phantoms, and we show that CT-based attenuation correction underestimates photon absorption by the epoxy used in their construction.
METHODOLOGY
Phantoms were constructed using epoxy with and without the admixture of long-lived positron-emitting 68 Ge/ 68 Ga ( 68 Ge). Phantoms were imaged by PET/CT and by 511-keV transmission scans. Modifications to the X-ray tube voltage and reconstruction software were used to investigate the dependence of PET image bias on CT-based attenuation correction.
Image Quality Phantom
A National Electrical Manufacturers Association (NEMA) Image Quality (IQ) phantom (15) Ge at an initial background concentration of 7.19 kBq/mL. The phantom, shown in Figure 3A , contained spherical inserts at the sizes specified in the NEMA test standard, but with the modification that all spheres were filled to the same concentration of radionuclide (ie, the phantom contained no nonradioactive spheres). Sphere contrast was 7.7:1 relative to background, and the same epoxy formula was used to fill both background and spheres. The phantom was scanned on 3 commercial PET/CT scanners: a Discovery STE (General Electric Healthcare, Waukesha, WI), a Biograph (Siemens Healthcare, Knoxville, TN), and a Philips Gemini TF Big Bore (Philips Healthcare, Best, The Netherlands.). The dependence of reconstructed signal on CT X-ray energy (commonly characterized by the potential in kilovolts [kVp] applied to the X-ray tube) and variations in the reconstruction software were investigated.
Nonradioactive Epoxy Phantom
A 20-cm cylinder ( Figure 3B ) was filled with the same epoxy used in the IQ phantom, but without the addition of any radionuclide. This phantom was scanned on a General Electric Discovery LS and a Siemens HRϩ. Both scanners used positron sources to measure photon absorption at the same energy measured in clinical PET scans, 511 keV. Filtered backprojection was used to generate attenuation images. The phantom was also CT-scanned on the General Electric Discovery STE scanner, and attenuation images resulting from 80-, 100-, 120-, and 140-kVp CT scans were copied from the scanner console and read in MATLAB (MathWorks, Natick, MA).
X-Cal Phantom
A comercially-available 45-mm cylinder phantom was scanned inside a 20-cm water-filled American College of Radiology flood phantom ( Figure 3C ) on the same Discovery STE as the IQ phantom. The 45-mm phantom is sold as part of a "cross-calibration" kit sold by RadQual, LLC (Weare, NH) and we consequently refer it to it as the X-Cal phantom. It was made from the same epoxy as the above sources. We have previously reported on its signal properties and the bias between measured values and known tracer concentration (19, 20) .
Nonradioactive PlasticWater Phantom
A nonradioactive 20-cm-diameter cylinder ( Figure 3D ) was constructed from a different epoxy that was formulated to better match the attenuation properties of human tissues. The cylinder was constructed by Computerized Imaging Reference Systems, Incorporated, or CIRS (Norfolk, VA), and was filled with their "LR" epoxy. The phantom was scanned on a General Electric Discovery LS to generate 511-keV transmission images as well as CT-based attenuation images.
Variations in Imaging Parameters
CT photon energies were varied by changing the X-ray voltage in CT scans of the IQ phantom and the nonradioactive phantoms. CT voltage modifications were done using the scanners' user-facing interfaces and spanned the available settings of 80, 100, 120 and 140 kVp. Where possible, the impact of CT voltage on PET measured radioactivity concentration was assessed.
Modification of CT-Based Attenuation Correction
An additional variation for the data measured on the General Electric Discovery STE scanner was the modification of the rescaling functions shown in Figure 2 to provide more accurate conversion of the CT images to attenuation images for the IQ and X-Cal phantoms. In particular, for the domain that contained the phantoms' image values of ϳ80 -90 Hounsfield Units, the rescaling coefficient (slope) for 120-kVp CT images was increased. The new coefficients for the 2 phantoms were chosen to make the resulting attenuation images agree with values obtained from the 511-keV transmission scans of the phantoms. Modifications to the attenuation conversion were made in MATLAB, and reconstructions were performed using code from General Electric.
RESULTS
The IQ phantom PET images demonstrated quantitative bias. For all 3 PET/CT scanners, the bias was spatially variable. Figure 4 shows data from axially averaged (ie, thick-slice) images from the 3 scanners. For each scanner, the figure depicts data from ϳ60-minutes' worth of scanning (scan durations were corrected to a common time point to compensate for phantom decay). Table 1 shows the PET background signal divided by the known nuclide concentration for the images in Figure 4 . Background signal was computed as in the NEMA standard using 28-mm regions (15) . Figure 5 shows the attenuation image from the transmission scan of the nonradioactive epoxy phantom ( Figure 3B Figure 6A shows the attenuation images generated in the reconstruction before and after our modification of the algorithm. Figure 6B , shows PET data reconstructed with each attenuation image. It can be seen that the accuracy of the signal is improved. The bottom row of Table 1 shows that the modifications to the attenuation correction lead to more accurate PET signal. Figure 7A shows a transaxial slice containing the spherical inserts in an image made with the modified attenuation correction algorithm. Figure 7B shows mean signal from regions of interest drawn on the spheres. Averaged over sphere sizes, the signal was 1.20 times larger in the images with modified attenuation correction, indicating that if solid phantoms are used for Bias in Solid PET Phantoms resolution measurements, some compensation for attenuation bias must be applied. Figure 8 shows the signal from PET images of the X-Cal source before and after modification to the attenuation correction. With the modified algorithm, the signal is visibly more accurate. Using XCaliper (20) , a previously reported method for drawing regions of interest in the X-Cal phantom, the bias was measured as Ϫ4.7% using the standard attenuation correction algorithm and 0.5% with our modifications. Different scale factors were used in the respective modifications to the CT rescaling for the X-Cal and IQ phantoms. Figure 9 shows profiles through transmission scans of the PlasticWater epoxy phantom and a similarly sized water-filled cylinder. Also shown are CT-based attenuation estimates. It can be seen that the PlasticWater epoxy better matches the water values in the transmission scans. In addition, the bias between the transmission scan and the CT-based attenuation images is similar to that seen in an actual water phantom, as Table 2 also shows.
DISCUSSION
Inaccuracy of PET activity concentration measurements in solid epoxy phantoms has been previously observed and is a challenge to their use in determining scanner calibration accuracy. We have investigated signal bias in solid phantoms made from an epoxy that is used in commercially available sources. While several factors may affect long-lived phantom bias, such as scatter correction and prompt gamma emission by 68 Ge, our results show that bias is greatly reduced by modification to the CT-based attenuation correction algorithm. Although we did not evaluate attenuation images for all scanners used, Figure 4 shows that each scanner exhibited signal bias over all or part of the phantom images. It is expected that scanners from different manufacturers would behave similarly, as the generation of X-rays, and therefore the transformation needed to generate attenuation images, is substantially similar across scanner types (9) .
The transmission measurements made with 511-keV photons provide a more accurate estimate of attenuation because, in contrast to CT photons, their probability of various modes of scatter interactions (ie, Compton, photoelectric, Rayleigh) is precisely the same as for the photons emitted during a PET scan. Figure 5A shows that regardless of X-ray energy, the CT-based attenuation values have a negative bias versus the transmission scan. Because the PET reconstruction uses these attenuation values to compensate for lost photons, we would expect PET images of the phantom to inherit this negative bias, as was observed. While the PET image bias does change with CT values, as shown in Table 1 , X-ray energy cannot be varied arbitrarily and no user-selectable setting led to unbiased PET images.
As Figures 6B and 8 and Table 1 show, modifying the reconstruction to improve the accuracy of attenuation images leads to more accurate PET measurements and reduced bias. Figure 7B shows that recovery curves, which are used to char- acterize resolution, also exhibit reduced bias when attenuation correction is accurate.
The precise modifications required to generate accurate attenuation images were object-dependent. For the IQ phantom and the X-Cal phantom, the correct coefficient was determined by measuring the Hounsfield Units of the epoxy in each scan and choosing the new slope of the rescaling formula that led to 0.105 1/cm. The IQ and X-Cal phantoms had Hounsfield Units of 92.1 and 82.2, respectively, although they were made of the same material. We did not attempt to correct the CT transformation for multiple X-ray tube voltages, but we note that because CT values themselves depend on voltage, the optimal modifications for one voltage will not work for others. We further expect that they would change if the experiment were repeated with a different epoxy. In all, this indicates that correcting bias in epoxy with this method would require premeasured look-up tables so that the appropriate rescaling factors are available for a range of scan scenarios.
An alternative approach would be the use of an epoxy whose attenuation properties are better suited to the transformation used by the scanner. The PlasticWater phantom was investigated with this in mind. As Table 2 shows, the attenuation estimates from a GE Discovery LS do not show a dependence on X-ray tube voltage, and the bias of attenuation estimates versus the transmission scan is reduced. Further, the bias between CT-based and 511-keV transmission measurements closely resembles that of an actual water phantom (Figure 9 ), for which the scanner's reconstruction algorithm is presumably well-calibrated. That is, the slight bias of CT-based water attenuation coefficients may be intentionally introduced to compensate for other approximations in the algorithm, such as imperfect scatter correction. It is therefore plausible, although not confirmed here, that a radioactive PET phantom constructed from the PlasticWater epoxy would exhibit bias similar to a water-filled phantom.
We emphasize that bias in attenuation estimates of our solid phantoms made from CT images ( Figure 5A ) does not imply that clinical patient images are similarly affected. Rather, it is a property of an empirical optimization in the reconstruction that favors clinical patient images over other materials.
While our study was limited in scope, using a small number of scanners, we expect that the bias seen in our PET images could be replicated on most scanners using CT-based attenuation correction, owing to the similarity in the way their X-rays are generated and detected.
Future work should better characterize the robustness and trade-offs of applying software modifications versus using new materials for phantom construction. In particular, the fabrication of long-lived radioactive phantoms can present unique manufacturing challenges, and the authors make no claims about the fitness of the specific materials used in the present study for this purpose. Software modifications would require vendor participation, but have the advantage of being compatible, in principle, with any existing phantom whose attenuation properties are known. Standardization of phantom size and composition may lead to object-dependence being a smaller hurdle for software-based bias reduction. PET signal from the 45-mm-diameter X-Cal phantom divided by known phantom activity concentration. Here, the modified attenuation correction used slightly different scaling than was used for the IQ phantom reconstructions. 
CONCLUSIONS
Solid, long-lived PET phantoms can suffer signal bias owing to physical factors. We have shown that corrections for photon attenuation computed from CT images can be a significant source of bias. Modifications to the reconstruction algorithm can reduce the errors in CT-based attenuation estimates, although the required parameters are likely to depend on X-ray tube voltage, the type of epoxy used, and the geometry of the phantom. The use of epoxy that better matches the photonscattering properties of water appears to be a promising alternative to algorithmic corrections if they can be manufactured reliably, which is a nontrivial task.
